This paper examines the problem of assigning jobs to a set of manufacturing machine operators. This classic problem involves a set of semi-skilled personnel who can run subsets of machinery.
optimize throughput. While the operator-machine problem has been studied in previous literature using a wide variety of analytical algorithms, we look at a solution that uses the RESOURCE block in SLAM II to simulate possible operator-machine combinations. A semiconductor fabrication facility was modeled using the operators as resources, and four alternate assignments were compared.
Our concept for developing a simulation model of this problem in SLAM II proved to be an effective way to evaluate operator-machine assignments.
INTRODUCTION
A classic problem for manufacturing managers is the operator-machine assignment problem. This problem arises when there are more machines than operators, and each operator has been trained on only a subset of the available machines (Wittrock 1992) . One operator can run more than one machine, and conversely, multiple operators can share the duties of running one machine or machine group. If an operator is assigned to too many machines, parts sit idle in one machine while the operator is busy with the others. This "machine interference" afTects the overall system output (Stafford 1988) .
In many facilities, there is no structured method of choosing the operator-machine assignment. The decision is typically left to the production supervisor and can vary horn shift to shift within the same department. Decisions are made based on experience or informal rules of thumb (Jackmau and Johnson 1993 Stafford (1988) shows how deterministic mathematical models of the operator-machine assignment problem can be solved both graphically and through the calculation of three relatively simple formulas.
Using this method provides the manager with "KU the optimum number of machines to assign to any one operator. The formulas are easily computed, but assuming manufacturing processes to be deterministic limits the applications of this approach. Stafford's formulations also assume that all operators will be assigned the same number of machines.
More flexibility and realism are gained by modeling the system as probabilistic. Wi.ttrock (1988) demonstrates the problem as a network I1OW problem. His more complex model deals with the concept that operators will have overlapping skill sets. The model demonstrated the processing of five part types through seventeen major operations. Two part types were sub-assemblies that are bonded to two of the other three parts.
The seventeen operations consisted of twenty-eight individual machines. Eighteen operators were available to run jobs.
The operators were modeled in the RESOURCE block by listing the AWAIT nodes associated with a coded group of one or more operators (see Table 1 ). The groups were identified as "OPERA, OPERB," etc. For instance, to show that two operators (grouped as OPERA) would be assigned to jobs consisting of machines 1, 4 and 8, the RESOURCE code would look like "RESOURCE/OPERA(2), 1,4,8." Operators can have different skill sets (the machines to which they cxxdd be assigned are limited), or they could all be identical and assignable to any machine.
The entities in the SLAM II model are lots of wafers that need processing through the seventeen workstations of the acid etch room. The product flows are modeled very simply by a series of AWAIT and FREE nodes (see Figure 1) . When a part arrives at a workstation, it waits first for a machine to be available, then it waits for an operator from the group assigned to that job to become available. When the operator finishes her setup and measurements, she is freed, and in some cases, the machine runs for some time by itself.
Machines that do not run without the full attention of the operator are modeled with a zero duration activity between the operator free and the machine free. Finally the machine is freed and the part proceeds to the next station. This pattern is repeated thirty times in the model to represent the flow of product through the entire system. The basic model was vatidated by conducting a Kolmogorov-Smirnov (K-S) test on the data used and by examining the initial summary reports generated by the system. Idle times of machinery and operators and system output were compared to historical data. While some pieces of the model were more true to life than others, the resutts maintained the general behavior of the acid etch room.
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Design Alternatives
To examine the SLAM II model's use as a method of evaluating operator-machine assignments, four methods of operator assignment were tested. With eighteen operators and twenty-eight machines, more than 4.099 x 103] (181 (18! -8!)) combinations are possible, even if we ignore job sharing, and restrict the maximum number of machines run by a given operator to two! However, there is no reason for us to examine more than a minuscule fraction of the possible assignments.
In a real facility, a manager would probably want to compare lhis current practices to a handfid of hypothetical alternatives suggested to him by his staff that he knows would satisfi his other constraints.
We reproduced this scenario by comparing four assignments. The two assignments used currently by first shitl and second shift were compared, as well as two hypothetical arrangements.
The first hypothetical assignment is based on raw labor point data; the other assumes fidl cross-training of the operators. The resource blocks representing each assignment is shown in Table 3 . =&l-l %-++tH--H-l
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Each alternative was measured by the number of "ships", or totat number of lots shipped to the customer from the system over a two week period. Our goal, then was to find the alternative that shipped the most lots. All four designs were compared at their steady state, as data from the warm-up period of the system was truncated and disregarded.
Pilot runs of the original The maximum number shipped by the system in any two weeks was 39 units and the minimum was O. The data for each operator assignment alternative is summarized below in Table 4 . As you can see, the four design alternatives shipped ditTerent numbers of parts.
Operator assignment method 3 generated the highest number of ships in a two week period on the average, and therefore could be the best alternative of our four tested. However, since our model is probabilistic and the values vary from run to run, we checked to see if the differences in output between the design alternatives were statistically significant. This was done by analyzing the experiment with Design-Ease software. Design-Ease created the graph shown in Figure 2 to demonstrate the variance in our results. The null hypothesis tested was that the four mean ships were equal. The results of the ANOVA are shown in Table 5 . Mean ships for Design 3 are slightly higher than Design 4 (9O.5'%O confidence).
Therefore, we conclude with 907. confidence than Design Alternative 2 produces the least amount of ships, and is the worst of the four alternatives. Design Alternative 3 is probably the best strategy of job assignment, but more testing would have to be done to distinguish it from Design Alternative 1. The results provided by the SLAM II simulation can be judged for reasonableness from a qualitative standpoint as well. It makes sense that design alternative 3 was the most efficient of the alternatives, since it was based on carefully collected labor point data. This data is calculated by the industrial engineer and tells the manager how many hours a shift each machine must be run in order to produce enough product to meet schedules. Design alternative 2, on the other hand, was created in a less mathematical way. It is the current arrangement used in the area during the first shift. It makes sense that it is least efficient in terms of output, since it was constructed to balance out the effects of high absenteeism, feuding operators, and other unique managerial factors, rather than maximizing output alone.
One surprise to the researchers was the mediocre performance of design alternative 4. In this arrangement, all operators were considered to be fully cross-trained, and could rush to any job that needed an operator.
Before performing the simulation runs, we expected this alternative to perform the best. However, since there are more machines than operators, machine interference still occurs. In the model, no particular priority was given to bottleneck operations.
In the real fab, we would rather an operator wait around idle so he could immediately service a bottleneck machine when necessmy. This is better than attending to a nonbottleneck machine and leaving the bottleneck machine idle for any period of time.
Design alternative 3 recognizes bottlenecks and deals with them more efficiently. Cochran is the author of over fifty scholarly publications, and is a Professional Engineer.
